Background {#Sec1}
==========

Hepatic fibrosis is a compensatory response to chronic liver injury and inflammation arising from various chronic insults, which may progress into liver cirrhosis and even liver cancer if the underlying causes persist \[[@CR1]--[@CR3]\]. The onset and progression of hepatic fibrosis are driven by hepatic stellate cells (HSCs), which are stimulated by cytokines and reactive oxygen species to produce excessive extracellular matrix (ECM) \[[@CR4]--[@CR6]\].

One of the multiple signaling pathways that drive liver fibrosis progression is the focal adhesion kinase (FAK) signaling pathway. In fact, FAK has been shown to help regulate the prolifetation \[[@CR7], [@CR8]\], activation \[[@CR9], [@CR10]\] and apoptosis \[[@CR11], [@CR12]\] of HSCs. In addition, several studies suggested that inhibition of FAK/Akt signaling by drugs \[[@CR13], [@CR14]\] or microRNAs \[[@CR15]\] may be a potential target for the prevention of liver fibrosis. Furthermore, upregulation in Wnt/β-catenin signaling may lead to activation of HSC \[[@CR16]\], whereas inhibition of Wnt/β-catenin signaling may arrest the progression of liver fibrosis using small interfering RNA \[[@CR17]\]. Under normal physiological conditions, β-catenin combines with GSK-3β to form cell-cell adhesion complexes that transmit a contact inhibition signal, thereby maintaining HSCs in a quiescent state \[[@CR16], [@CR18]\]. Taken together, the findings of several studies point to a pathway in which drug-mediated downregulation of the Wnt/β-catenin signaling pathway inhibits HSC activation in vitro and in vivo \[[@CR19]--[@CR21]\].

Artesunate (ART), a small molecule derived from Artemisinin extracted from the traditional Chinese herb *Artemisia annua,* markedly inhibits the progression of hepatic fibrosis by downregulating matrix metalloproteinases 2 and 9 in rats induced by bovine serum albumin \[[@CR22]\]. However, only few published studies have investigated the anti-fibrogenic properties of ART \[[@CR23], [@CR24]\]. In myelodysplastic syndrome (MDS) cells (SKM-1 cells), ART regulates apoptosis by inhibiting the expression of downstream targets of Wnt/β-catenin signaling pathway, such as c-Myc and cyclin D1 \[[@CR25]\]. We have demonstrated that, in HSC-T6 cells, ART inhibited the phosphorylation of GSK-3β and downregulated β-catenin \[[@CR26]\], whereas more recently we found that Akt acts upstream of the Wnt/β-catenin pathway \[[@CR27]\], suggesting that ART may exert its anti-fibrogenic effects primarily through the Akt/β-catenin pathway, which was consistent with the findings of Kamo et al \[[@CR28]\]. In summary, it is important to determine whether the anti-fibrotic effect of ART is associated with FAK, and whether this inhibition occurs via the FAK/Akt/β-catenin pathway.

In order to verify and extend these results in a different cellular context, we investigated the effect of ART on the proliferation, apoptosis and activation of the human HSC cell line LX-2. We specifically examined whether FAK acts upstream of the Akt/β-catenin pathway and whether ART regulates the FAK/Akt/β-catenin pathway to exert its anti-fibrogenic effects. The results of the present study may provide new insight into the treatment of liver fibrosis.

Methods {#Sec2}
=======

Reagents {#Sec3}
--------

ART was purchased from Guilin Pharmaceutical (Shanghai, China), dissolved in dimethyl sulfoxide (DMSO) and stored at − 80 °C. The concentration of DMSO in all experiments was 0.1%. The FAK inhibitor PF562271 was purchased from Selleck Chemicals (Houston, TX, USA). CCK-8 was obtained from BioSharp (Wuhan, China). The PE-Annexin V/7-AAD kit was obtained from BD Biosciences (Franklin Lakes, NJ, USA). TRIzol reagent was purchased form Invitrogen/Thermo Fisher Scientific (Carlsbad, CA, USA). Prime Script RT reagent Kit and SYBR® Premix Ex Taq™ were purchased from Takara (Tokyo, Japan). The BCA protein assay kit was from Pierce/Thermo Fisher Scientific (Waltham, MA, USA). Primary antibodies against FAK (\# 3285), p-FAK (\# 3283), Akt (\# 4691), p-Akt (\# 4060), GSK-3β (\# 9315), p-GSK-3β (\# 9336), β-catenin (\# 9562), Bax (\# 2772), Bcl-2 (\# 3498) and GAPDH (\# 2118) were obtained from Cell Signaling Technology Inc. (Danvers, MA, USA). Anti-rabbit secondary antibody IgG H + L (\# 5151) was purchased from Cell Signaling Technology Inc.

Cell culture {#Sec4}
------------

The human HSC cell line LX-2 was purchased from Beijing North Carolina Souren Biotechnology (BNCC337957; Beijing, China). Cells were cultured in DMEM/high glucose medium (HyClone/GE Healthcare, Logan, UT, USA) supplemented with 10% fetal bovine serum (Gibco/Thermo Fisher Scientific), 100 U/ml penicillin and 100 μg/ml streptomycin at 37 °C in a humidified incubator with 5% CO~2.~

Cell viability assay {#Sec5}
--------------------

Briefly, the cells were seeded into 96-well plates (5 × 10^3^ cells/well) and incubated overnight. The medium was replaced with fresh medium containing different concentrations of ART (0, 12.5, 25 and 50 μg/ml) or FAK inhibitor (0, 1, 3, 5 and 7 μmol/l). After 12, 24, 48 or 72 h, CCK-8 reagent (10 μl) was added to each well and the plates were cultured at 37 °C for another 30 min. Absorbance at 450 nm \[optical density (OD)~450~\] was measured using a microplate reader (MR7000, Dynatech, Edgewood, NY, USA). Growth inhibition was calculated as follows: CV = (OD~450,test~ /OD~450,control~) × 100%.

Flow cytometry {#Sec6}
--------------

Cells were seeded into 6-well plates (2 × 10^5^ cells/well) and incubated with different concentrations of ART (0, 12.5, 25 and 50 μg/ml) at 37 °C for 24 h. Floating and adherent cells were collected, washed twice with cold phosphate-buffered saline (PBS), and assessed for apoptosis using the PE-Annexin V/7-AAD kit, followed by flow cytometry (BD Biosciences, San Jose, CA, USA). Cells staining positive for PE-annexin V and negative for 7-AAD were considered to be in early apoptosis, while those positive for both PE-annexin V and 7-AAD were considered as late apoptotic cells.

RT-qPCR {#Sec7}
-------

Cells were seeded into 6-well plates (2 × 10^5^ cells/well) and stimulated with different concentrations of ART (0, 12.5, 25 and 50 μg/ml) for 24 h, then harvested. Total RNA was isolated using TRIzol reagent, and cDNA was synthesized using the Prime Script RT reagent kit. RT-qPCR was performed using SYBR® Premix Ex Taq™ and a real-time PCR system (Applied Biosystems 7500; Applied Biosystems/Thermo Fisher Scientific). The thermocycling conditions were denaturation at 95 °C for 5 s, followed by annealing at 60 °C for 40 s, for a total of 40 cycles. The condition of the melting curve were 95 °C for 40 s, then decreased to 60 °C in 1 min. The levels of mRNAs encoding α-SMA or collagen I were normalized to the levels of GAPDH mRNA, and relative expression was calculated according to the 2^-∆∆Cq^ method. The primer sequences were as follows: α-SMA, forward 5'-ACGAGACCACCTACAACAGCAT-3′ and reverse 5'-CTCGTCGTACTCCTGCTTGGT-3′; collagen I, forward 5'-ACTGGTGAGACCTGCGTGTA-3′ and reverse 5'-AATCCATCGGTCATGCTCTC-3′; GAPDH, forward 5'-ATGACATCAAGAAGGTGGTG-3′ and reverse 5'-CATACCAGGAAATGAGCTTG-3′.

Western blotting {#Sec8}
----------------

Cells were seeded into 6-well plates (2 × 10^5^ cells/well) and incubated with different concentrations of ART (0, 12.5, 25 and 50 μg/ml) for 24 h, then harvested. The cells were treated with 3 μM PF562271 alone, 25 μg/ml ART alone, or the combination of 25 μg/ml ART and 3 μM PF562271 for 24 h, then harvested. The collected LX-2 cells were lysed for 30 min at 4 °C in RIPA buffer containing protease inhibitor cocktail, phenylmethanesulfonyl fluoride, and phosphorylated protease inhibitors A and B. Total protein concentration was quantified using the BCA protein assay kit. Proteins were separated on 8--15% SDS-PAGE and transferred onto PVDF membranes, which were blocked with 5% bovine serum albumin for 2 h, and washed three times with Tris-buffered saline containing Tween-20 (TBST). The membranes were then incubated overnight at 4 °C with primary antibodies against FAK (ratio: 1:1,000), p-FAK (ratio: 1:1,000), Akt (ratio: 1:1,000), p-Akt (ratio: 1:1,000), GSK-3β (ratio: 1:1,000), p-GSK-3β (ratio: 1:1,000), β-catenin (ratio: 1:1,000), Bax (ratio: 1:1,000), Bcl-2 (ratio: 1:1,000), or GAPDH (ratio: 1:1,000). After three washes in TBST, the membranes were incubated for 2 h with anti-rabbit secondary antibody IgG H + L (ratio: 1:10,000). The levels of target proteins were quantified using the Odyssey system (LI-COR Biosciences, Lincoln, NE, USA) according to the manufacturer's instructions and normalized to the levels of GAPDH.

Statistical analyses {#Sec9}
--------------------

All experiments were repeated at least three times, and the results are presented as mean ± standard error of mean (SEM). The levels of mRNAs or protein of target gene were normalized to the levels of GAPDH mRNA or protein, respectively. The results were presented as percent increase or decrese of the control group. The results were analyzed using Student's t-test and one-way analysis of variance using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA). *P* \< 0.05 was considered to indicate statistically significant differences.

Results {#Sec10}
=======

ART inhibits LX-2 cell proliferation {#Sec11}
------------------------------------

LX-2 cells were treated with different concentrations of ART (0, 12.5, 25 and 50 μg/ml). After 12, 24, 48 or 72 h, proliferation was evaluated using the CCK-8 assay (Fig. [1](#Fig1){ref-type="fig"}). ART inhibited cell proliferation in a time- and dose-dependent manner, and the inhibition was significant by 24 h (P \< 0.05). The IC~50~ of ART was 69.20 μg/ml at 72 h.Fig. 1Effects of ART on LX-2 cell viability. Relative cell viability of LX-2 cells treated with ART (0, 12.5, 25 and 50 μg/ml) for 24, 48 or 72 h (*n* = 6). Viability was measured using the CCK-8 assay. Each column shows the mean ± SEM. ^\*^ means *P* \< 0.05 vs control. ^\*\*^ means *P* \< 0.01 vs control

Effect of ART on the apoptosis of LX-2 cells {#Sec12}
--------------------------------------------

After stimulated with different concentrations of ART, the early apoptosis rate of each group were 4.54% at 12.5 μg/ml, 15.58% at 25 μg/ml and 31.72% at 50 μg/ml. ART increased significantly the apoptosis of LX-2 cells compared with the control group (Fig. [2a](#Fig2){ref-type="fig"}). In addition, ART also reduced Bcl-2 expression in a dose-dependent manner and increased the Bax/Bcl-2 ratio, which contributed to apoptosis (Fig. [2b](#Fig2){ref-type="fig"}).Fig. 2Effects of ART on LX-2 cell apoptosis. **a** Rates of cell apoptosis following 24 h exposure to ART (0, 12.5, 25 and 50 μg/ml), as analyzed using flow cytometry (*n* = 3); **b** Levels of Bax and Bcl-2 in cells treated with ART (0, 12.5, 25 and 50 μg/ml) for 24 h, analyzed using western blotting (*n* = 3). Each column shows the mean ± SEM. ^\*^ means *P* \< 0.05 vs control. ^\*\*^ means *P* \< 0.01 vs control

Effects of ART on activation of LX-2 cells {#Sec13}
------------------------------------------

The typical characteristics of HSCs activation is the excessive deposition of ECM proteins, including ɑ-SMA and collagen I. ART treatment downregulated mRNAs encoding ɑ-SMA and collagen I (Fig. [3](#Fig3){ref-type="fig"}). Our results suggest that ART exerts anti-activation effects on LX-2 cells.Fig. 3Effects of ART on activation of LX-2 cells. **a** the mRNA level of α-SMA; **b** the mRNA level of collagen I were determined by RT-qPCR (n = 3) following treatment with ART (0, 12.5, 25 and 50 μg/ml) for 24 h. Each column shows the mean ± SEM. ^\*^ means *P* \< 0.05 vs control. ^\*\*^ means *P* \< 0.01 vs control

ART inhibits phosphorylation of FAK and Akt and inhibits Wnt/β-catenin signaling {#Sec14}
--------------------------------------------------------------------------------

To explore in molecular detail the mechanisms underlying the observed effects of ART on HSCs proliferation, apoptosis and activation, LX-2 cells were treated with different concentrations of ART at 24 h. Western blotting was used to assess the levels of FAK, p-FAK, Akt, p-Akt, GSK-3β, p-GSK-3β and β-catenin. ART downregulated p-GSK-3β and β-catenin to levels significantly below those in control cultures, except GSK-3β at 24 h (Fig. [4a](#Fig4){ref-type="fig"}). These results suggest that the classical Wnt/β-catenin signaling pathway is involved in the mediation of the anti-fibrogenic effects of ART. Furthermore, ART downregulated the levels of p-Akt in a concentration-dependent manner (Fig. [4b](#Fig4){ref-type="fig"}), Akt is correlated with the effects of ART, which is in accordance with the findings of previous studies. In addition, ART reduced the level of p-FAK, indicating that the anti-fibrogenic effects of ART on LX-2 cells are closely correlated with FAK gene expression.Fig. 4Effects of ART on the levels of FAK, p-FAK, Akt, p-Akt, GSK-3β, p-GSK-3β and β-catenin. **a** The levels of GSK-3β, phospho-GSK-3β and β-catenin were measured in cells exposed to ART (0, 12.5, 25 and 50 μg/ml) for 24 h by western blotting (*n* = 3); **b** The levels of FAK, phospho-FAK, Akt and phospho-Akt were measured in cells exposed to ART (0, 12.5, 25 and 50 μg/ml) for 24 h by western blotting (n = 3). GAPDH served as an internal control. Data are shown as mean ± SEM. ^\*^ means *P* \< 0.05 vs control. ^\*\*^ means *P* \< 0.01 vs control

Effects of ART require the FAK/Akt/β-catenin pathway {#Sec15}
----------------------------------------------------

To verify that the FAK/Akt/β-catenin pathway underlies the observed anti-fibrogenic effects of ART, LX-2 cells were treated with the FAK inhibitor PF562271. First, we determined an appropriate dose of PF562271 for the following experiments. LX-2 cells were treated with various PF562271 concentrations (0, 1, 3, 5 and 7 μmol/l) for 12, 24, 48 or 72 h. Then, cell viability was measured using the CCK-8 assay. PF562271 markedly inhibited the growth of LX-2 cells in a concentration- and time-dependent manner (Fig. [5a](#Fig5){ref-type="fig"}). The IC~50~ of PF562271 was 12.68 μmol/l at 12 h, 8.64 μmol/l at 24 h, 4.70 μmol/l at 48 h and 3.45 μmol/l at 72 h. In order to ensure cell viability, 3 μmol/l PF562271 was used in subsequent experiments based on these results. LX-2 cultures were treated with 3 μmol/l PF562271 alone, 25 μg/ml ART alone, or the combination of 25 μg/ml ART and 3 μmol/l PF562271 for 24 h. Western blotting revealed that PF562271 led to reduced levels of phosphorylated FAK and inhibited signaling via the Akt/β-catenin pathway (Fig. [5b](#Fig5){ref-type="fig"}). Taken together, our analyses suggest that the FAK gene acts upstream of the Akt/β-catenin pathway, and that ART inhibits FAK phosphorylation, which in turn inhibits the expression of Akt/β-catenin, ultimately resulting in the anti-fibrogenic effects on LX-2 cells.Fig. 5ART inhibits liver fibrosis via the FAK/Akt/β-catenin pathway. **a** The relative viability of LX-2 cells was determined using the CCK-8 assay after treatment with different concentrations of the FAK inhibitor PF562271 (0, 1, 3, 5 and 7 μmol/l) for 12, 24, 48 or 72 h (*n* = 6); **b** The cells were treated with 3 μM PF562271 alone, 25 μg/ml ART alone, or the combination of 25 μg/ml ART and 3 μM PF562271 for 24 h, then harvested. The levels of FAK, p-FAK, Akt, p-Akt, GSK-3β, p-GSK-3β and β-catenin were measured using western blotting (*n* = 4). Each column shows the mean ± SEM. ^\*^ means *P* \< 0.05 vs control. ^\*\*^ means *P* \< 0.01 vs control. ^&^ means *P* \< 0.05 vs ART group

Discussion {#Sec16}
==========

An increasing number of studies have explored the effects of Chinese medicine on hepatic fibrosis \[[@CR29], [@CR30]\], but only few studies to date have examined the anti-fibrogenic properties of ART. We herein demonstrated that ART inhibits the proliferation and activation of HSCs, promotes HSCs apoptosis, and provided evidence that ART exerts these effects by inhibiting the FAK/Akt/β-catenin pathway.

Inhibiting the proliferation of HSCs may be an effective strategy for arresting the progression of liver fibrosis at its source \[[@CR31]\]. Our results suggest that ART strongly inhibits the proliferation of LX-2 cells in a dose- and time-dependent manner, consistent with previous findings \[[@CR22]\]. Promoting the apoptosis of HSCs may be an effective method for inhibiting the progression of hepatic fibrosis. Our flow cytometry and western blotting experiments demonstrated that ART markedly increased the proportion of LX-2 cells in early apoptosis, and upregulated the Bax/Bcl-2 ratio. HSCs activation is characterized by excessive deposition of ECM proteins, including α-SMA and collagen I \[[@CR32]\], and ART markedly attenuated the mRNA expression of the genes encoding α-SMA and collagen I in the present study. Our results suggest that ART exerts anti-proliferative, anti-activation and pro-apoptotic effects on HSCs.

We conducted molecular analyses to identify key molecules and pathways underlying these therapeutic effects of ART. First, we found evidence linking the anti-fibrogenic activity of ART to a reduction in the levels of p-FAK. In addition, our assays suggest that ART blocks the Akt/β-catenin pathway by downregulating the levels of p-Akt, p-GSK-3β and β-catenin in a dose-dependent manner, without affecting the levels of GSK-3β, which is consistent with previous findings \[[@CR27]\]. The results demonstrated Artesunate, at least in part, was able to inhibit the phosphorylation levels of FAK. The FAK inhibitor PF562271, similar to ART, markedly decreased the levels of p-Akt, p-GSK-3β and β-catenin. These results support the hypothesis that the FAK gene acts upstream of the Akt/β-catenin pathway. Our experiments point to a mechanism in which ART inhibits the progression of liver fibrosis by inhibiting the FAK/Akt/β-catenin pathway.

In summary, our study demonstrated that ART can inhibit the proliferation and activation, as well as promote the apoptosis of the human HSC cell line LX-2, providing testable hypotheses on how this traditional medicinal agent ameliorates hepatic fibrosis. ART appears to exert its anti-fibrogenic effects, at least in part, by reducing the phosphorylation levels of FAK, Akt and GSK-3β. These results implicate the FAK/Akt/β-catenin signaling pathway in liver fibrosis.

There were certain limitations to the present study. First, there is yet no relevant study on the anti-fibrosis effects of ART in vivo. Second, it could not be fully demonstrated that the effects of ART on LX-2 was dependent on the FAK signaling pathway, as FAK was not activated or overexpressed. Third, it has not yet been investigated whether the TGF-β/Smad pathway, the classical pathway implicated in liver fibrosis, is involved in the anti-fibrogenic mechanism of ART. Therefore, future studies should be focused on verifying and extending the anti-fibrogenic effects of ART in vivo, as well as exploring other molecules and pathways through overexpressing or silencing of target genes that may contribute to fibrosis.

Conclusions {#Sec17}
===========

In conclusion, ART dispalys anti-fibrosis effects in LX-2 cells by blocking FAK/Akt/β-catenin signaling pathway. We suggest that our present research provides novel insight into the treatment of hepatic fibrosis.
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